Treatment of dermatophytoses with currently available antimycotic agents is often tedious and sometimes unsatisfactory. A search for better therapeutic methods-ideally with an immediate fungicidal effect-has, among others, lead to photodynamic procedures as a promising alternative, and recently curcumin was found to be a suitable agent for this application. In this study the effect of photodynamic treatment with curcumin on dermatophytes was tested in vitro. Wells of microtiter plates were filled with conidia of Trichophyton rubrum, Trichophyton interdigitale, Trichophyton terrestre, Microsporum canis, Microsporum gypseum and Epidermophyton floccosum in buffer. Then curcumin was added to the conidia and after 20 min the assays were irradiated one time only with visible light (peak wave length 367 nm, 5 J/cm 2 ). Thereafter the wells were filled up with Sabouraud's glucose broth and in the following fungal growth was measured photometrically. The results showed that all dermatophytes were markedly inhibited depending on the concentration of curcumin. With 5.4 mg/l curcumin plus irradiation fungal growth was significantly suppressed over a period of 96 h (P < .001). Even after 96 h inhibition of T. rubrum was still complete and marked for all other species as well. M. gypseum was least susceptible. Our results are very encouraging to pursue the development of a photodynamic therapy of tinea with curcumin. The outstanding tolerance of curcumin and the innocuousness of the required light are favorable preconditions for this task.
Introduction
Infections caused by dermatophytes belong to the most frequent communicable diseases worldwide. For their treatment, a panel of antimycotic agents is available but because of their mostly fungistatic effects and due to the continuance of dermatophytes in keratinized tissues, their use is tedious and often unsatisfactory. Therefore, the search for therapeutic methods with an immediate fungicidal effect is ongoing. Because dermatophytes spread within the superficial skin layers they are eligible targets for topical interventions. Against this background in recent years photochemotherapy has been tried with a diversity of agents that develop antifungal activity in combination with light irradiation. 1, 2 Toluidine blue, methylene blue, derivates of porphyrins, 5-aminolevulinic acid, phthalocyanines, phenothiaziniums, and other photoreactive substances have been used for this purpose with variable success. 1, 2 Only recently curcumin has shown promising effects as a photoactive antimicrobial agent as well. 3 Curcumin is a well-known spice that can be consumed in high amounts without adverse effects, and it is photo-responsive. [3] [4] [5] Its excellent tolerance virtually predestinates curcumin for possible medical applications. So far data on photodynamic effects of curcumin on dermatophytes are limited, but recent findings show that a marked inhibition of Trichophyton rubrum can be achieved, 6, 7 even in a mouse model. 8 In this study we have now in vitro tested the effect of curcumin activated by visible light on the growth of a representative panel of dermatophytes and found that this procedure has a significant inhibitory effect.
Materials and methods
Test strains were selected to ensure that the most common dermatophytes from Germany as well as representative species of anthropophilic, zoophilic, and geophilic dermatophytes and of all three genera of dermatophytes were considered. Therefore, the following species were used: Trichophyton rubrum, Trichophyton interdigitale, Trichophyton terrestre, Microsporum canis, Microsporum gypseum and Epidermophyton floccosum. All strains had been isolated from the skin of patients visiting the Department of Dermatology at the University Hospitals of SchleswigHolstein in Kiel, Germany. The isolates were identified by established morphologic and physiologic criteria; 9-11 only strains with unambiguous defining features that produced abundant conidia were used. All experiments were performed with three distinct strains of each species that had been isolated from different patients. The dermatophytes were grown in pure culture on Sabouraud's glucose agar (SAB2-D, BioMerieux, Lyon, France) supplemented with 1.5 g/l yeast extract (Merck, Darmstadt, Deutschland), 40.000 IU/l penicillin G (Grünenthal, Stolberg, Germany), 40 mg/l chloramphenicol (Calbiochem, La Jolla, USA) and 400 mg/l cycloheximide (AppliChem, Darmstadt, Germany) at 27
• C. After 14-18 days, when conidia had sufficiently been produced, the cultures were flooded with 10 mM sodium phosphate buffer pH 5.5 (Merck, Darmstadt, Germany), the aerial mycelium was stirred up, and the suspension was removed from the agar. Then, conidia were separated by filtration of the suspension through sterile gauze compresses. The filtrate was centrifuged, the supernatant was discharged, and the conidia were resuspended and filtered again. This procedure was repeated until almost only conidia were seen under the microscope. According to the species-related formation of conidia filtrates of T. rubrum and T. interdigitale contained almost exclusively microconidia whereas filtrates of E. floccosum contained mostly macroconidia plus some chlamydospores, filtrates of M. gypsem and M. canis showed mostly macroconidia plus some microconidia and filtrates of T. terrestre contained mixtures of small conidia with 1-3 cells. Finally, the concentration of conidia was adjusted to 2 × 10 5 conidia/ml, and this suspension was used as inocula for the following inhibition assays. Curcumin was prepared as follows: 10.8 mg of pure curcumin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were dissolved in 40 ml dimethylsulfoxide (DMSO) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Then 460 ml phosphate buffer pH 5.5 were added, the mixture was heated to 100
• C and continuously stirred until the curcumin was completely dissolved as indicated by total transparency of the solution. This stock solution was allowed to cool down to room temperature and used to prepare dilutions with 4 different concentrations of curcumin in phosphate buffer pH 5.5 with 4% DMSO: Cur 2 × 1 (10.8 mg curcumin/l), Cur 2 × 2 (3.6 mg curcumin/l), Cur 2 × 3 (1.2 mg curcumin/l), and Cur 2 × 4 (0.4 mg curcumin/l). Care was taken that during the whole procedure curcumin was not exposed to light. Inhibition assays were done with microassays similar to the procedure described previously. 12 Wells of sterile 96-well microtiter plates (Sarstedt, Nümbrecht, Germany) were each filled with 50 µl of the suspension of conidia of the test strains. Then either 50 µl of Cur 2 × 1, Cur 2 × 2, Cur 2 × 3 or Cur 2 × 4 were added, and for controls additional wells were supplemented with 50 µl of phosphate buffer, 4% DMSO in phosphate buffer, and 2 mg/ml fluconazole (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in distilled water. With each strain of the dermatophytes, all assays were run synchronously on one microtiter plate so that identical conditions were ensured, and each agent was tested in duplicate. Furthermore, all plates were prepared in duplicate so that one plate could be used without exposure to light, and the other one could be exposed to light for photoactivation. After all wells were loaded, the transparency in each well was determined photometrically by measuring the optical density (OD 620) in the wells with a microplate reader (Sunrise Remote TM , Tecan Group Ltd., Männedorf, Switzerland) at a wavelength of 620 nm (software Magellan, Tecan, Männedorf, Switzerland). The curcumin concentrations in the wells were now Cur 1 (5.4 mg/l), Cur 2 (1.8 mg/l), Cur 3 (0.6 mg/l), and Cur 4 (0.2 mg/l) due to the dilution of the four concentrations Cur 2 × 1, Cur 2 × 2, Cur 2 × 3 and Cur 2 × 4 with equal volumes of conidial Following this incubation only one of the two plates was exposed. We used a LED-spotlight (Sahlmann Photochemical Solutions, Bad Segeberg, Germany) with a peak wave length of 367 nm that supplied an energy output of 900 mW (calculated from the manufactorer's specifications) and within 204 s 5 J/cm 2 were applied to the wells. No heating of the fungal suspensions occurred with this procedure. Subsequently, 100 µl of Sabouraud's glucose broth supplemented with 40.000 IU/l penicillin G and 40 mg/l chloramphenicol was added to each well in order to create conditions favourable for fungal growth, with the exception of the two wells preloaded with conidia and phosphate buffer only that were instead refilled with another 100 µl of phosphate buffer as a negative control. Then OD 620 was measured again as described above (time point 0 h). The wells loaded with Sabouraud's glucose broth now showed slightly higher OD 620 values than those filled with phosphate buffer due to a marginally higher light absorption of the broth as compared to the buffer. Subsequently, all plates were stored in the dark at 21
• C with continuous mild agitation by use of a mechanical shaker with orbital motion (GFL type 3005, Gesellschaft für Labortechnik mbH, Burgwedel, Gemany) and a shaking frequency of 70/min to allow optimal fungal growth. In the following the fungal growth was monitored photometrically by measuring the OD 620 in the wells as described above. In addition, the wells were checked microscopically to assess dermatophyte growth and to detect possible bacterial contaminations and photos were shot. These measurements were performed 24, 48, 72, and 96 hours after addition of Sabouraud's glucose broth to the wells. Finally, cultures were prepared from each well on blood agar (MHS, bioMérieux, Lyon, France) to check for bacterial contamination; in case of a positive bacterial culture the tests were discarded. For the statistical analyses, values of the OD 620 obtained with the three separate strains of each species over a time period of 4 days were analyzed by using mixed linear regression models with strains and plates as random effects. 13 From graphical description normality of all data and linearity growths over time could be assumed. Likelihood ratio tests showed significant main factor influences of dermatophyte species and time periods as well as of light exposure and treatments (all P < .001). The further model fitting process revealed that several two-way interaction terms might be meaningful. Therefore, in order to investigate the one of interest (light exposure plus treatment with curcumin), each dermatophyte species was analyzed separately. Results of these findings are reported in subgroup analyses of day and treatment influences upon the exposed versus unexposed OD 620 values. P-values < .05 were considered to indicate statistically significant differences. All statistical analyses were performed in R (version 3.2.3) using the using the package 'nlme' (version 3.1-128).
Results
In the controls DMSO showed no relevant effect on the growth of the dermatophytes in curcumin-free assays and within 96 h light exposure without curcumin had no relevant impact on dermatophyte growth in the assay with nutrients and DMSO as well. In contrast, fluconazole was found to significantly inhibit all dermatophytes tested as was to be expected (Table 1a -f). Curcumin without light exposure caused only in its highest concentration (Cur 1) a minor but significant inhibition of M. gypseum (Table 1d) , whereas the other species were not significantly inhibited by curcumin alone (Table 1a , b, c, e, f). As an example, effects upon T. rubrum measured after 96 h are shown in detail in Figure 1 that illustrates a marked inhibition by fluconazole but no such effects of DMSO and of the four concentrations of curcumin (Cur 1-Cur 4) dissolved in DMSO without light exposure. The OD 620 shown in Figure 1 for fluconazole after 96 h is equal to the OD 620 measured at 0 h (see Methods) and therefore proves a complete inhibition of T. rubrum by fluconazole. Light microscopy revealed no obvious reduction of mycelial density of T. rubrum grown for 96 h with Cur 1 as compared to control with DMSO (Fig. 2) . There was, however, a marked inhibition (P < .001) of all dermatophytes exposed to curcumin in the highest concentration (Cur 1) plus light within the 4 days of review (Table 1a -f). Figure 3 illustrates the inhibition of all dermatophytes by Cur 1 plus light measured after 96 h. This figure shows that inhibition was strongest for T. rubrum and smallest for M. gypseum. The inhibitory effect of curcumin plus light was clearly dependent on the concentration of curcumin as by way of example is illustrated in Figure 4 for T. rubrum. It shows that after 96 h curcumin in the concentrations Cur 1 and Cur 2 had an effect equal to that of fluconazole, whereas DMSO did not reduce growth of T. rubrum in comparison to the control. The OD 620 shown in Figure 4 for fluconazole, Cur 1, and Cur 2 after 96 h are equal to the OD 620 measured at 0 h (see Methods) and therefore prove a complete inhibition of T. rubrum by fluconazole and by Cur 1 and Cur 2 plus exposure. Figure 5 illustrates that within the 4 days of measurement the growth curve of T. rubrum subjected to Cur 1 plus exposure was collateral to that obtained under the influence of fluconazole. Correspondingly, light microscopy revealed that in comparison to the control with DMSO no visible mycelium was developed by T. rubrum grown for 96 h with Cur 1 plus exposure (Fig. 6) . 
Discussion
Curcumin is an active constituent of the well-known spice turmeric and a main ingredient of curry powder, which is broadly used in Asian food. 3 Its consumption has no known relevant adverse effects even if higher doses are eaten. Quite the contrary, many beneficial health effects have been attributed to curcumin, including antimicrobial and anti-inflammatory ones that can be utilized for systemic and topical treatments. [3] [4] [5] In animal models curcumin has positive effects on a variety of inflammatory skin diseases, can enhance wound repair, and proved to be an effective anti-inflammatory and antibacterial agent in compoundings for topical therapy. [14] [15] [16] Due to its chemical structure, curcumin absorbs visible light; the maximum absorption (λmax) of the yellow curcumin in methanol occurs at 430 nm. 3 By exposure curcumin gets excited, and an ultrafast hydrogen atom transfer is associated with conformational changes that may play an important role in medicinal properties of curcumin. 3 Our results show that curcumin by itself may have a minor inhibitory effect on dermatophytes. This relates nicely to previous findings with bacteria, other fungi like Candida and dermatophytes as well. 5, [17] [18] [19] [20] Probable mechanisms are a disruption of fungal plasma membranes and an interference with hyphal development and cell wall integrity as was demonstrated in Candida albicans.
21-23
The antibacterial and antifungal effect of curcumin can be enhanced considerably by photo activation. 24, 25 Several studies with Candida spp. have shown a significant inhibition of these yeasts by photodynamic treatment with curcumin. [26] [27] [28] A significant reduction of the metabolic activity of Candida biofilms was achieved with 40 µM of curcumin and 18 J/cm. [26] [27] [28] With regard to dermatophytes only photo inactivation of T. rubrum has been shown so far. 7 Our results correspond very well to these previous findings with T. rubrum that demonstrated a complete inhibition of growth with 10 µg/ml of curcumin and 10 J/cm 2 of blue light (417 ± 5 nm). 7 In our assays such an effect was obtained with 1.8 µg/ml of curcumin and 5 J/cm 2 . In addition, we have now for the first time shown that other dermatophytes, including the most common anthropophilic, zoophilic and geophilic species, can be inactivated by a onestage photodynamic treatment with curcumin as well. E. floccosum was found to be most susceptible with a significant inhibition measured with only 0.2 µg/ml of curcumin (Table 1b) . With the exception of M. gypseum all other species were significantly inhibited by curcumin concentrations of 0.6 µg/ml and 5 J/cm 2 . Growth of M. gypseum was affected least but was also reduced markedly by 5.4 µg/ml of curcumin plus light (Table 1d ). These effects are quite impressive, considering that the required concentrations of curcumin are rather low and certainly in a range harmless for humans. The necessary dose of visible light is also very low, applicable within a short time and innocuous for humans. It is also noteworthy that only one single short-time irradiation was sufficient to obtain a strong inhibition, although for reasons of availability we used a light source with a peak wavelength of 367 nm that is not optimal for an activation of curcumin (430 nm). Whereas dermatophyte species are very closely related taxons, we found some differences with regard to their susceptibility to the photodynamic effects of curcumin in our tests. These species-related differences of susceptibility may have been due to the different conidia that were used to ensure an exact quantification of the inocula. In the assays with T. rubrum these inocula contained only thin-walled microconidia (inhibition appr. 100%), whereas in the assays with M. gypseum almost only thick-walled macroconidia were used. Since neither micro-nor macroconidia are formed by dermatophytes within infected skin, it remains an open question whether the differences of susceptibility measured in our tests are of practical importance regarding a possible therapeutic inactivation of dermatophytes. Tests with fungal elements that occur in real tinea lesions (mycelium and arthroconidia) should follow.
In an earlier study by Baltazar et al. only one strain of T. rubrum was tested to show that T. rubrum is inactivated by photochemotherapy with curcumin. 7 For our tests we now used six different species of dermatophytes and three typical strains of each species. All strains were inhibited accordantly with only some gradual differences. Therefore, we believe that our data reasonably support the assessment that basically photodynamic inactivation of dermatophytes is possible with curcumin. As a matter of principle, however, we want to point out that in our study the sample size is still small and therefore could lead to wrong interpretations, as several authors have pointed out repeatedly. [29] [30] [31] We regret that at this time our limited resources and laboratory capacity did not allow further tests with increased numbers of samples. Therefore, it remains important that the results are confirmed in further experiments with larger sample sizes. Most infections by dermatophytes are superficial skin infections confined to the stratum corneum. In this localization, the fungi are accessible for topically applied curcumin and for light of suitable wavelength. This is very encouraging to foster the development of a photodynamic therapy of tinea with curcumin. The outstanding tolerance of curcumin is certainly another advantage and even the bright yellow color of curcumin, which may be regarded as a cosmetic obstacle for its topical application bleaches under exposure. However, before the long-term objective of such a new therapeutic procedure can be achieved, more fundamental work is needed. Variables that can be modified for this aim include the galenic formulation of curcumin, 15, [32] [33] [34] derivatives of curcumin, 35 methods of the topical application of curcumin, 15 and also the light source and technique of irradiation. An encouraging step to approach to the situation in vivo has already been taken with a mouse model that used toluidine blue as a photosensitizer. 8 An optimal procedure should allow killing of all species of dermatophytes in tinea lesions within minutes by photodynamic treatment with curcumin.
